Caulobacters are adherent prosthecate bacteria that are members of bacterial biofouling communities in many environments. Investigation of the cell surface carbohydrates produced by two strains of the freshwater Caulobacter crescentus, CB2A and CB15A, revealed a hitherto undetected extracellular polysaccharide (EPS) or capsule. Isolation and characterization of the EPS fractions showed that each strain produced a unique neutral EPS which could not be readily removed from the cell surface by washing. Monosaccharide analysis showed that the main CB2A EPS contained D-glucose, D-gulose, and D-fucose in a ratio of 3:1:1, whereas the CB15A EPS fraction contained D-galactose, D-glucose, D-mannose, and D-fucose in approximately equal amounts. Methylation analysis of the main CB2A EPS showed the presence of terminal glucose and gulose groups, 3-linked fucosyl, and two 3,4-linked glucosyl units, thus confirming the pentasaccharide repeating unit indicated by 'H nuclear magnetic resonance analysis. Similar studies of the CB15A EPS revealed a tetrasaccharide repeating unit consisting of terminal galactose, 4-linked fucosyl, 3-linked glucosyl, and 3,4-linked mannosyl residues. EPS was not detectable by thin-section electron microscopy techniques, including some methods designed to preserve or enhance capsules, nor was the EPS readily detected on the cell surface by scanning electron microscopy when conventional fixation techniques were used; however, a structure consistent with EPS was revealed when samples were prepared by cryofixation and freezesubstitution methods.
Caulobacter crescentus is a gram-negative stalk-forming bacterium which is typically found in natural settings attached to surfaces via an adhesive holdfast organelle located at the distal tip of the stalk (33) . The strategy for growth and dispersal of cells for this organism involves a cell differentiation process by which a motile dispersal (swarmer) cell is produced. Swarmer cells express a single flagellum, pili, and the holdfast, all of which are located at one cell pole. At a specific time in the life cycle, all the polar features of the swarmer cell except for the holdfast are lost and a stalk develops at the same pole as the swarmer differentiates into a stalked cell (33, 34, 37) . Throughout the entire life cycle, the cell is completely covered with a protein surface array (S layer) distal to the outer membrane, composed of geometrically arranged subunits consisting of a single protein (39, 40) .
We were interested in the surface molecules of caulobacters on the presumption that they all participate in some way in the persistence of caulobacters in microbial biofilm communities. Clearly, the adhesive holdfast has a primary role, being involved with surface attachment, and we have reported initial analyses for the holdfast of freshwater and marine species (28) (29) (30) . The organelle appears to be a complex polysaccharide whose composition varies somewhat between species (26, 28) . A continued investigation into the chemical nature of the holdfast has required an understanding of other surface polysaccharides produced by the bacteria, since most or all are likely to be present in vastly greater amounts than the minute holdfast organelle and therefore represent significant potential contaminants. Moreover, lipopolysaccharides (LPSs) and extracellular * Corresponding author. polysaccharides (EPSs), if present, are likely to have some role in the competitive environment in biofilm communities, and a cataloging of their existence and composition is a prerequisite for an analysis of potential roles.
Although it is presumed that there is an LPS in the outer membrane of this bacterium and some efforts have been undertaken to directly establish its presence (3, 8) , there have been no reports that an EPS or capsule is present on the surface of C. crescentus strains. This is despite the fact that this organism has been the subject of numerous ultrastructural studies (33, 36, 37, 40) .
EPS layers are a common cell surface component of many bacterial species, but these highly hydrated structures often evade detection during ultrastructural studies because of their tendency to collapse or to be extracted during preparation for light or electron microscopy (5, 10) . Capsule layers are often revealed by electron microscopy only after the structures are stabilized by various techniques such as antibody treatment followed by chemical dehydration and embedding in particular plastics (e.g., Lowicryl K4M), the use of cationic ferritin, and cryofixation and freeze-substitution techniques (5) .
Previously, we had only slight hints that a capsule or EPS may be present in C. crescentus strains. Smit et al. (40) suggested that a cryptic EPS layer may have been responsible for the difficulties in obtaining high-quality images of the S layer on C. crescentus CB15 by freeze-etch analysis. The India ink stain exclusion technique for capsules indicated a thin particle-excluding layer surrounding caulobacter cells (2) . However, several thin-section fixation and embedding techniques, including a technique recently used by Graham et During an investigation of caulobacter LPS, we isolated a high-molecular-weight carbohydrate fraction which was chemically distinct from the LPS and had physical properties consistent with an EPS. In this report, we outline the isolation, purification, and chemical characterization of the EPS present on two C. crescentus strains.
MATERIALS AND METHODS
Bacterial strains and growth conditions. C. crescentus CB2A and CB15A (39) were grown in a peptone-yeast extract (PYE) medium (33) at 30°C. For EPS isolation, 500-ml cultures in 2-liter flasks were grown with shaking at 200 rpm, harvested by centrifugation during late-log phase (optical density at 600 nm, 0.7 to 0.8), and washed with 0.1 M HEPES (N-2-hydroxyethylpiperazine N'2-ethanesulfonic acid) buffer, pH 7.2, by suspension and centrifugation.
EPS isolation. EPS was isolated as a by-product of an LPS isolation strategy involving a modification of the procedure of Darveau and Hancock (11) . After the nuclease digestion of cells disrupted in a French pressure cell, the cell lysate was made up to contain 0.1 M EDTA, 2% sodium dodecyl sulfate, and 10 mM Tris-HCl (pH 8.0) and then incubated at 37°C for 2 h. The published procedure was followed until the completion of the ultracentrifugation procedure, in which the precipitate of an ethanol precipitation step was pelleted. The pellet was suspended in 10 mM Tris-HCl and centrifuged at 200,000 x g for 2 h at 15°C, which pelleted the LPS. The characterization of the LPS from Caulobacter strains will be presented elsewhere (42) . A large amount of soluble polysaccharide was obtained from the supernatant of the last LPS sedimentation step. The supernatant was dialyzed against distilled deionized water (DDW) and then freezedried. This sample was considered to be the crude EPS fraction.
An initial examination of the crude EPS fraction by steric-exclusion chromatography (SEC) on a Sephacryl S-400 column (60 by 2 cm) eluted with 0.1 M pyridinium acetate buffer (pH 7.0), followed by carbohydrate analysis of the major peaks, revealed contamination from undegraded RNA. In subsequent preparations, therefore, the crude EPS was resuspended in DDW to 1/10 the original volume, treated with RNase, dialyzed against DDW, and ultracentrifuged again at 200,000 x g for 30 h at 4°C to remove any remaining LPS.
Colorimetric assays. Protein was determined by the method of Markwell et al. (27) , 3-deoxy-2-octulosonic acid (KDO) was determined by the method of Karkhanis et al. (24) , inorganic phosphate was determined by the method of Ames and Dubin (4) , and sugars were determined by the phenol-sulfuric acid method of Dubois et al. (12) .
Carbohydrate analysis. Polysaccharides were hydrolyzed with 2 M trifluoroacetic acid (TFA) at 100°C for 12 to 18 h or with 4 M TFA at 1200C for 1 h. The hydrolysates were reduced with NaBH4 in water at room temperature for at least 1 h. Excess NaBH4 was destroyed with glacial acetic acid, and the sample was coevaporated with 10% acetic acid in methanol (3 times) and then with methanol (three times) to remove the borate. The sodium acetate generated was used as the catalyst in the acetylation reaction, which was achieved with acetic anhydride at 1000C for 1 h. In some instances, pyridine was added to ensure acetylation. The derived alditol acetates were extracted into chloroform and washed sequentially with 10% sulfuric acid, water, saturated sodium hydrogen carbonate, and water (the final wash with water was done 5 Smith degradation experiments (1) were conducted on both EPS samples. The polysaccharide sample (10 to 20 mg) was treated with 0.1 M sodium periodate (2 to 4 ml) in the dark at room temperature. After 3 days, the excess periodate was reacted with ethane-1,2-diol and the solution was dialyzed for 2 days. Reduction of the oxidized polysaccharide with an excess of NaBH4 over 2 days followed by Smith hydrolysis (1 M TFA at room temperature for 4 days) and recovery of the polymeric material by dialysis (EPS of CB2A) or SEC (EPS of CB15A) yielded the Smith-degraded EPS fractions.
The neutral and amino sugars of the samples were determined by GC of the alditol acetate derivatives on a HewlettPackard 5890A gas chromatograph fitted with dual flame ionization detectors and a 3392A recording integrator. Separations were performed on a fused silica DB17 capillary column (12 m by 0.25-mm inner diameter; J & W Scientific, Rancho Cordova, Calif.) by using program A (180°C for 2 min and then a heating rate of 5°C/min to bring the temperature to 240°C), B (160°C for 2 min and then a heating rate of 1.5°C/min to 240°C), or C (170°C for 10 min and then a heating rate of 15°C/min to 240°C). Where possible, identification and quantitation were made by comparing the sugars to authentic standards, with inositol as the internal standard. Alditol acetate derivatives of the glycosyl residues were also identified by GC-MS by using the DB17 capillary column on a Varian Vista 600 series GC coupled directly to a Selsi Nermag R10-10C quadrupole MS. The peaks eluted were ionized by electron impact and chemical ionization (using ammonia) MS in order to obtain both the detailed fragmentation pattern (23) and the molecular weight (21) of the compounds, respectively.
The absolute configurations of the sugars were assigned by comparing the retention times of their trimethylsilylated (-)-2-butyl glycosides with those of the standards (15) . The polysaccharide samples (2 mg) were solubilized in methanolic 4 M HCl for 24 h at 85°C. HCl was removed by the addition of tert-butyl alcohol followed by evaporation under a stream of nitrogen. The methyl glycosides were vacuumdried overnight and then treated with (-)-2-butanolic 1 M HCl (1 ml) for 8 h at 80°C. After the removal of the HCI as before, the residues were vacuum-dried overnight and then treated with hexamethyldisilazane-chlorotrimethylsilanepyridine (0.4 ml, 1:1:5) for 30 Electron microscopy techniques. (i) Thin-section transmission electron microscopy (TEM). Strains CB15A and CB2A were fixed and processed for thin-section electron microscopy by conventional methods (including treatment with ruthenium red) essentially as previously described (40) . We also prepared cells by the cryofixation and freeze-substitution methods of Graham and Beveridge (16) . Thin sections were prepared, mounted on Parlodion-coated, carbon-stabilized grids, and stained with aqueous uranyl acetate and lead citrate. Grids were examined in a Siemens lOlA transmission electron microscope, operated at 60 kV.
(ii) SEM. PYE (25 ml) was inoculated with 25 ,ul of a stationary-phase culture of CB2A. Pieces of fused aluminum oxide particles prepared from a ceramic foam product provided by the Selee Corporation (Hendersonville, N.C.) were also added, and incubation continued overnight. The culture was decanted from the ceramic pieces, and the pieces were washed twice by the addition and decantation of 1 mM MgCl2-1 mM CaCl2 (Mg-Cl). The washed ceramic was then suspended in 100 ml of Mg-Cl and incubated at room temperature without shaking for 3 h.
The ceramic pieces with attached bacteria were then processed for SEM in two ways. Conventional processing was done by placing the ceramic pieces in 2.5% glutaraldehyde in buffer (0.1 M sodium cacodylate [pH 7.5], 5 mM CaCl2, 5 mM MgCl2) and incubating them for 18 h at 4°C. The samples were washed three times with buffer and placed in 1% osmium tetroxide in buffer for 2 h at 4°C. The samples were then washed three times with buffer, dehydrated by sequential transfer to increasing concentrations of acetone up to anhydrous acetone, critical-point dried from C02, and sputter coated with gold.
By adapting the method of Graham and Beveridge (16) for SEM, a cryofixation and freeze-substitution method was also used. Pieces of the ceramic with bound cells were removed from the Mg-Cl buffer and immediately plunged into liquid propane held at -196°C by liquid nitrogen. The frozen ceramic was transferred to glass vials held at -196°C containing a substitution cocktail (2% osmium tetroxide, 1% uranyl acetate, and 5% acidified 2,2'-dimethoxypropane [0.5 ,ul of concentrated HCI per ml of dimethoxypropane] in anhydrous acetone). The dimethoxypropane was incorporated just before use, since it has some reactivity with osmium tetroxide. The vials were placed in a -70°C freezer for 72 h, transferred to -20°C for 1 h, warmed to room temperature, washed four times with anhydrous acetone, and then critical-point dried and sputter coated as above.
Samples were examined with an ETEC Autoscan scanning electron microscope operated at 20 kV and photographed with T-Max 400 film (Eastman Kodak, Rochester, N.Y.). 
RESULTS
Isolation and chemical characterization of EPS from CB2A and CB15A. Fractionation of the crude EPS by SEC (Fig. 1 ) yielded similar profiles for both strains. Carbohydrate analysis (Table 1) showed that the void volume peak contained a heteropolysaccharide, whereas the second peak contained only ribose. Additionally, the second peak contained significant amounts of phosphate, and the peak was therefore attributed to undegraded RNA. The CB2A crude EPS also contained an additional minor peak (B) between the heteropolysaccharide (A) and the RNA (C) peaks. On the basis of exclusion limits reported for Sephacryl S-400, the appearance of the EPS peaks in the void volume suggests a minimum molecular mass of one to two million daltons.
The results displayed in Table 1 show that the EPS of CB2A and CB15A differed in monosaccharide composition. The EPS produced by CB2A contained glucose, fucose, and an initially unknown component which eluted early in the GC analysis of the derived alditol acetates (Fig. 2) . This compound was identified by GC-MS analysis as a 1,6-anhydroaldopyranose derivative. Chemical-ionization MS using ammonia gave a molecular weight of 288, typical of a tri-O-acetylated anhydrohexose derivative (21) , while more detailed fragmentation by electron impact MS (20) showed that the anhydro ring was 1,6 linked (Fig. 3) . Hydrolysis of the methyl glycosides of gulose followed by reduction and acetylation yielded the anhydro sugar (89%) and gulitol (11%) derivatives as determined by GC analysis (gulitol hexaacetate has the same retention time as its enantiomer, the glucitol derivative) (7). Consequently, the early peak detected by GC was attributed to the 1,6-anhydrogulopyranose. The EPS of CB2A therefore contained glucose, fucose, and gulose in the approximate ratio 3:1:1, whereas the EPS produced by CB15A contains galactose, glucose, mannose, and fucose in approximately equal amounts as determined by GC-MS analysis. The CB2A EPS fraction also contained a minor low-molecular-weight component composed of equimolar amounts of mannose and glucose ( Fig. 1,  peak B) . Because of the difficulty in obtaining adequate quantities of this material and because of the possibility that it was not an EPS judging from its small size, it was not examined further.
Methanolysis of EPS samples followed by reduction with NaBD4 prior to conversion to the alditol acetal derivatives Methylation analysis of the CB2A polysaccharide gave four major peaks representing terminal glucose, 3-linked fucose, 3,4-linked glucose, and a terminal hexose (ascribed to gulose) in a ratio of 1:1:1:2, which is consistent with a pentasaccharide repeating unit as indicated by NMR analysis. The assignments were made on the basis of retention times (coinjection with standards) and GC-MS analysis (7) . Methylation analysis of the methyl glycosides of gulose yielded the 2,3,4,6-tetra-O-methyl acetylated derivative with a retention time of 0.96 relative to terminal glucose (heating program B), thus corroborating the assignment made above. Periodate oxidation followed by methylation analysis gave peaks representing 3-linked fucose and 3-linked glucose (3), thus confirming that both the terminal gulose and glucose groups removed during the Smith degradation must be attached to 0-4 of the 3,4-linked glucose units in the original polysaccharide. Figure 4A shows the two possible structures of the CB2A repeating unit based on the above data.
Methylation analyses of the CB15A EPS were complicated by undermethylation despite several Purdie treatments (35) following methylation by the Hakomori procedure (18) .
Methylation analysis of the CB15A polysaccharide gave four major peaks representing terminal galactose, 4-linked fucose, 3-linked glucose, and 3,4-linked mannose, which is consistent with a tetrasaccharide repeating unit as indicated by NMR analysis. Periodate oxidation of the CB15A EPS followed by reduction with NaBH4 yielded a polyalcohol containing equal amounts of mannose and glucose, which is consistent with the results of methylation analysis presented above. Mild hydrolysis of the polyalcohol yielded the Smithdegraded product which was isolated by SEC. Methylation analysis of Smith-degraded CB1SA showed the presence of terminal glucose and 4-linked mannose. This result suggests that the terminal galactose must be linked to 0-4 of the 3,4-linked mannose in the native polysaccharide and that the polymer backbone consists of --4-Fuc-3-Glc-4-Man--*. Figure 4B illustrates the proposed structure of the CB1SA repeating unit based on the above data. Note that, for both CB2A and CB15A EPS, the number of at and P linkages was determined, but specific assignments cannot be made.
Colorimetric analysis of purified CB1SA and CB2A EPS showed they were free of detectable amounts of protein but did contain trace amounts of phosphorus and KDO. By way of comparison, the second ribose peak (presumed to be RNA) contained significant amounts of phosphorus. Assessing the degree of EPS cell association. In one repetition of the isolation procedure, CB15A and CB2A cells were washed five times by centrifugation with 0.1 M HEPES buffer before the extraction procedure to determine whether the EPS could be readily washed from the cells was begun. The yield of crude EPS from this experiment was not significantly different than that of cells which had been washed only once or not at all (data not shown). Correspondingly, the culture supernatants from 500-ml batch cultures for CB2A and CB15A were freeze-dried, dialyzed against water, freeze-dried again, and analyzed to determine percent carbohydrate by weight. No significant amount of carbohydrate was detected. We conclude that the EPS in both CB2A and CB15A was significantly adherent to the cell.
CAIULOBACTER EXTRACELLULAR POLYSACCHARIDES
Electron microscopy analysis. Conventional fixation procedures for SEM analysis of C. crescentus CB2A cells attached to an aluminum oxide surface demonstrated the expected image; cells were attached to the surface via the tip of the stalk, the cell surface was smooth, and there was little to indicate that a significant amount of EPS or capsule might be present (Fig. 5A) . In contrast, the cells prepared by the cryofixation and freeze-substitution methods (Fig. 5B and C) showed numerous fibrous networks, more prevalent in areas of highest cell density. This is typical of SEM images of highly hydrated polysaccharide polymers that have aggregated during the removal of the liquid phase during criticalpoint drying (25) .
Such results encouraged us to reinvestigate thin-section TEM analysis in an attempt to localize the EPS identified by chemical extraction. While the inner membrane, peptidoglycan layer, outer membrane, and S layer were well preserved by both preparation techniques, neither conventional fixation techniques nor the cryofixation substitution methodology revealed the presence of a stainable layer.
DISCUSSION
During growth in broth culture, both CB2A and CB15A produced sufficient quantities of an EPS to be isolated in an aqueous phase as a by-product of a general-purpose LPS isolation procedure (11) . The inability to wash the EPS off the surface by repeated centrifugations and suspensions indicated that the polymers were not loosely associated slime layers (31) . NMR The apparent firm attachment to the surface is a property shared with LPS, and it might be argued that in both cases we have in fact isolated an LPS. That is not likely to be the case, at least for the typical LPS of caulobacters. In the LPS extraction procedure, we differentiated between the LPS and EPS first on the criterion that the LPS was pelleted by ultracentrifugation at 200,000 x g for 30 h in aqueous solution (a standard criterion for LPS) whereas the EPS remained in the supernatant. Subsequent chemical analysis has shown that the LPS fraction contained a single "rough" species of LPS, had a completely different chemical composition from the EPS in both CB2A and CB15, and had KDO levels typical of LPS (42) .
It is possible, however, that the EPS fraction is technically a large species of "smooth" LPS. That is, the long four-or five-sugar repeat-structure oligosaccharide might be anchored to the outer membrane by attachment to a single rough LPS molecule (consisting of lipid A and core oligosaccharide moieties). The size of such an "LPS" molecule would be considerable; the SEC findings suggest a minimum of 1,000 to 3,000 repeat units of four or five sugars. Such an anchoring arrangement has been suggested for the group I capsular polysaccharide antigens of Escherichia coli (22) .
The presence of trace amounts of phosphate and KDO in the EPS preparations might support that notion. It is difficult, however, to rule out the possibility (or likelihood) that slight contamination of the EPS with LPS would lead to the same result. Anchoring of the EPS to the surface might also be mediated by other lipids, as has been shown for group II capsular polysaccharides of E. coli, in which the EPS is linked to the cell surface by phosphatidic acid (22) . At this point, the means of apparent surface adherence for the Caulobacter EPSs is unresolved.
Since the extraction procedure demonstrated that at least most of the EPS remained on the cell during typical centrifugation procedures, it might be expected to be visible by thin-section TEM methods. We were unable to observe any indication of an EPS layer on unattached cells prepared for thin-section TEM by standard or cryofixation/freeze-substitution methods, even when dyes commonly used to reveal (6) and E. coli K30 (43) . The EPS of both Caulobacter strains, however, contained only neutral monosaccharides. It is perhaps not surprising that the cationic dyes often used to stain surface polysaccharides do not stain a neutral polymer. We surmise, then, that the capsule layer is present but, so far, is insufficiently stained by any of the heavy metals used during the thin-section procedures to be detected.
We are, in particular, interested in determining the location of the EPS with respect to the S layer of caulobacters, a dominant feature of Caulobacter cell surface design (39, 40) . We have learned, for example, that another oligosaccharide of the Caulobacter surface, termed SAO, involved with attachment of the S layer to the surface, is hidden from specific antisera when the S layer is present (14) . Other methods of capsular stabilization, such as pretreatment with antibody directed against the EPS or chemical dehydration and Lowicryl embedding (5) , may be required to visualize the layer by thin-section analysis. Moreover, the composition of the polymers of the two strains differed enough that it should be possible to detect and differentiate between these two polymers by immunological means. In this context, it is of interest to note that CB2A no longer produces an S layer (39) , presumably as a consequence of prolonged laboratory subculturing, but does produce and correctly assembles the S-layer protein from CB15A when the gene is introduced into CB2A on a plasmid (14) . Apparently, S-layer assembly was not affected by differing EPS molecules.
We also note that we have not in the past had difficulty in labeling the S-layer protein with specific antibodies and colloidal gold labels for electron microscopy (30, 38) . It may be that highly hydrated neutral polysaccharides, incapable of ion bridging or charge repulsion effects, have little ability to limit access of antibody molecules to the cell surface.
Standard procedures for preparing an adherent population of C. crescentus for observation by SEM also showed no indication of an EPS layer, which in part explains why an EPS has not been previously noticed in caulobacters. It is typical for capsular material to collapse onto the surface after the removal of water during acetone dehydration and critical-point drying (25) . It is quite possible that glutaraldehyde and osmium tetroxide in the conventional procedure have no chemical cross-linking activity toward this neutral polysaccharide and therefore could not prevent the collapse. On the other hand, the technique involving rapid freezing and exchange of water for acetone at very low temperature may have reduced the degree of this collapse. Subsequently, SEM, which does not depend on the binding of heavy metal ions to the polysaccharide for visibility, might well reveal the polysaccharides.
Given their apparent invisibility by most techniques, one must address the question as to whether the chemically characterized polymers are EPSs; that is, do they reside on the cell surface? Recently, we have been attempting to isolate the outer membrane fraction of Caulobacter envelopes and have noted that washing intact cells with an NaCl-EDTA solution releases LPS, SAO, and S-layer protein, as well as three to five other specific proteins and abundant amounts of EPS. The treatment leaves cells intact by phase-contrast and thin-section TEM, and the EPS fraction is free of RNA contamination (data not shown), suggesting again that the cells remained intact. Also, there is no precedent for the presence of such large polymers in either the cytoplasm or the periplasm of gram-negative bacteria; we think it unlikely that the polymers are located in interior cell regions.
Finally, our growth conditions for the samples in the SEM study may have promoted production of additional EPS, especially during the incubation period in MgCl after the cells became attached to the ceramic matrix. It has been suggested that, for some bacteria, adherence to a surface may promote the production of EPS above the level produced by free-ranging cells (9) . We have not yet attempted to isolate the EPS produced by adherent C. crescentus populations in order to determine whether more of the polysaccharide is produced per cell or whether it has the same chemical composition as that produced on nonadherent cells. Such information would help further define the role of caulobacters as members of natural biofilm communities.
